We report the pressure dependence of the superconducting transition temperature, Tc, in TlNi2Se2−xSx detected via the AC susceptibility method. The pressure-temperature phase diagram constructed for TlNi2Se2, TlNi2S2 and TlNi2SeS exhibits two unexpected features: (a) a sudden collapse of the superconducting state at moderate pressure for all three compositions and (b) a dome-shaped pressure dependence of Tc for TlNi2SeS. These results point to the nontrivial role of S substitution and its subtle interplay with applied pressure, as well as novel superconducting properties of the TlNi2Se2−xSx system. The phase diagram of iron-based superconductors often feature a superconducting region in the proximity of antiferromagnetism. The multi-orbital nature of the system and the nesting between well-separated electron and hole Fermi surfaces provide a framework for the discussion of spin-fluctuation-mediated superconductivity as well as spin-density-wave (SDW) type antiferromagnetism [1, 2]. The 122-type Fe-pnictide family of materials offers a prominent example of these effects [3] [4] [5] [6] , where the application of pressure or chemical substitution can tune the system away from antiferromagnetism and towards superconductivity.
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The situation in the 122-type nickel-based systems is however rather different. The stoichiometric parent compounds already exhibit superconductivity, with BaNi 2 P 2 [7] , BaNi 2 As 2 [8] , SrNi 2 P 2 [9] and SrNi 2 As 2 [10] having comparatively low T c 's of 3 K, 0.7 K, 1.4 K and 0.6 K respectively. The structural transition seen in the Febased compounds is of first order in the Ni materials, and may even be absent altogether [10, 11] . Importantly, magnetic ordering is universally absent in these superconducting materials even with tuning, for example in chemically tuned BaNi 2 (As 1−x P x ) 2 (0 ≤ x ≤ 0.13) [12] and pressure tuned BaNi 2 As 2 (up to 27 kbar) [13] .
These observations, taken together with studies of electron-phonon coupling [14] and Fermi surfaces [15] [16] [17] [18] suggest that the superconductivity in the Ni-based systems is likely of the conventional type, although there remain further compounds to be explored. Understanding the phase diagrams and Fermiology of these materials is an important step in understanding the complex physics of the Fe-and Ni-based pnictides and chalcogenides as a whole, and may help shed light on how the Fe-based pnictides achieve such high T c 's. [19] . Thermal conductivity measurement suggests that TlNi 2 Se 2 possesses multiple, nodeless superconducting gaps [20] . The material can be tuned by replacing Se with S, and Wang et al. have reported a smooth but nonmonotonic variation of T c as a function of sulphur concentration x in the isostructural series TlNi 2 Se 2−x S x [21] . Magnetic susceptibility and electrical resistivity measurements in the normal state up to 300 K did not detect any signature of additional phase transition for the entire substitution series, in contract to the closely related system KNi 2 S 2 where a number of structural transitions were observed in the normal state [22] . In TlNi 2 Se 2−x S x sulphur substitution is expected to introduce chemical pressure into the system, due to the smaller ionic radius of sulphur. At the same time this process introduces disorder into the system, as quantified by a significant reduction of the residual resistivity ratio (RRR=ρ 300K /ρ 4K ) from ∼ 100 for x = 0 to less than 10 for x = 1 and x = 2. Clearly, the x-dependence of T c not only reflects the effect of chemical pressure, but also the pair-breaking effects of disorder [21] . The application of hydrostatic pressure on the other hand separates these two effects, and allows us to probe directly the intrinsic pressure dependence of T c .
Single crystals of TlNi 2 Se 2 , TlNi 2 SeS and TlNi 2 S 2 were synthesized using the self-flux method as described elsewhere [19, 21] . To track the superconducting transition under pressure, we implemented a two-coil technique in a Moissanite anvil cell, in which a 140-turn modulation coil was wound around the Moissanite anvil and a 10-turn pickup coil was placed inside the gasket hole together with the crystal [23] [24] [25] . Owing to the advantageous volume filling factor of this setup, typically ∼30%, the signal from the superconducting transition is clear, enabling us to follow the evolution of the superconducting state under pressure accurately. A Helium-3 dipper provided the low temperature environment. To avoid heating, we used a small modulation current of 1 mA, which gave a modulation field of around 1 Oe with a modulation frequency of 1.1 kHz. Glycerin was used as the pressure medium to provide hydrostatic pressure [26] , and the pressure was determined via ruby fluorescence spectroscopy. Fig. 1(a) shows the temperature dependence of the normalised pick-up voltage for TlNi 2 Se 2 . This voltage is proportional to the AC susceptibility of the sample, and the transition to the superconducting state is clearly marked by the drop in the pick-up voltage. At ambient pressure, the transition temperature T c , defined as the onset of the transition, is 3.5 K. This agrees well with the reported value of 3.7 K determined by resistivity and heat capacity [19] . With applied pressure, p, T c decreases with an initial slope of dT c /dp ∼ −59 mK/kbar. This Closed and open symbols denoted the first and the second runs, respectively. For TlNi2Se2, the numbers next to the closed circles denote the sequence of the measurements. For the other runs, the measurements were taken in the order of increasing pressures. The inset to (c) shows the x dependence of Tc at ambient pressure in TlNi2Se2−xSx [21] trend continues to about 22 kbar, followed by a rapid suppression of the superconducting state (c.f. Fig. 2a) .
In the isostructural substitution series TlNi 2 Se 2−x S x , T c evolves smoothly as a function of the sulphur content x. As shown in the inset to Fig. 2(c) , T c first decreases for x < 1, and remains more or less constant between x = 1 and x = 1.6. For x > 1.6, T c (x) shows a gentle positive slope. The replacement of Se by S is accompanied by a monotonic decrease of the lattice parameters c and a [21] : moving from x = 0 to x = 2 results in a ∼2% (5%) reduction in the lattice parameter a (c). If we consider the substitution of S as only providing a chemical pressure to the system, our observation of the collapse of the superconducting state in TlNi 2 Se 2 at ∼22 kbar is unexpected.
The pressure dependence of T c in TlNi 2 S 2 and TlNi 2 SeS reveals further unusual features. Figs. 1(b) and 1(c) display the corresponding AC susceptibility data for each of these materials, allowing us to construct the Tp phase diagrams as summarized in Fig. 2 . If the effect of S substitution were to provide only chemical pressure, the application of physical pressure on fully S-substituted compound, TlNi 2 S 2 , would extend the trend of T c (x) near x = 2, i.e. T c would be enhanced under pressure. Instead, T c decreases rapidly under pressure with a large initial slope of −68 mK/kbar. An even more surprising evolution of T c (p) is observed in TlNi 2 SeS: T c first increases with an initial slope of +27 mK/kbar, reaches a maximum value of ∼1.3 K before it plummets, thus forming a dome-shaped T c (p) frequently observed in many To check the reproducibility of our results, we conducted two sets of measurements using different samples for each composition. For TlNi 2 Se 2 and TlNi 2 SeS, the agreement between sets of measurements is excellent. For TlNi 2 S 2 , the second set (Sample 2) gives an overall higher T c (p), which we attribute to a slight difference in sample quality. Importantly, the curvature of T c (p) is identical for both sets of data. In fact, these two sets of data can be brought to a broad agreement by including a relative offset of ∼0.4 K. These measurements demonstrate the robustness of our data, and place confidence on our observation of unusual, multi-dome T c (p) across the TlNi 2 Se 2−x S x series.
A striking similarity across these T -p phase diagrams concerns the abrupt disappearance of the superconducting state under high pressure. It might be tempting to attribute the disappearance to the onset of pressure inhomogeneity, however we find this unlikely due to previous work using a similar experimental technique. A recent study performed by some of us on BaFe 2 (As,P) 2 up to 70 kbar [25] used the same pressure transmitting fluid, same type of anvil cell and similar gasket thickness. However, T c (p) varied smoothly in BaFe 2 (As,P) 2 up to the highest pressure achieved. Moreover, in the present study the disappearance of superconductivity occurs at different pressures in samples with different sulphur content -the pressure at which superconductivity collapses is ∼25 kbar, 40 kbar and 22 kbar in TlNi 2 Se 2 , TlNi 2 SeS and TlNi 2 S 2 , respectively. As a consequence of these facts, it is difficult to associate the disappearance with pressure inhomogeneity.
To gain further insight, we examine the electronic structure of the stoichiometric end compounds TlNi 2 Se 2 and TlNi 2 S 2 . Bandstructure calculations were carried out with the WIEN2k [27] package, which is based on density functional theory in the local density approximation. Exchange correlations were approximated with the Perdew-Enzerhoff approximation. Due to the rather heavy cores, additional variational steps accounting for spin-orbit coupling and relativistic local orbits were included. The calculations were performed with a resolution of 100,000 points in the first Brillouin Zone.
We compute the lattice parameters a and c for the fully relaxed structure, and we obtain a = 3.90Å and c = 13.56Å for TlNi 2 Se 2 , in excellent agreement with the experimental values a = 3.87Å and c = 13.43Å [21] . For TlNi 2 S 2 , the calculated (experimental [21] ) lattice parameters are a = 3.81Å (a = 3.79Å) and c = 13.00Å (c = 12.77Å). Fig. 3(a) shows the dispersion relation of TlNi 2 Se 2 along selected high symmetry directions. Four bands cross the Fermi level giving rise to Fermi surface sheets A-D shown in Figs. 3(b) -(e). For TlNi 2 S 2 , the electronic structure is very similar to that of TlNi 2 Se 2 . In particular, Band A, Band B and Band D assume a very similar Fermi surface topology as the TlNi 2 Se 2 counterparts. However, it is important to note that the Fermi surface sheet associated with Band C becomes more rounded around the Z-point in TlNi 2 S 2 . Since the lattice parameters of TlNi 2 Se 2−x S x evolve smoothly with x, it is thus very reasonable to assume that the Fermi surfaces of the system would evolve smoothly with x. This implies that, for TlNi 2 SeS, the Fermi surface sheets associated with Band C would be more (less) rounded at Z than the corresponding sheets in TlNi 2 Se 2 (TlNi 2 S 2 ).
The progressive rounding of the Fermi surface sheet associated with Band C will have strong influence on the interband nesting probability with the Fermi surface sheets associated with Band D. The nesting of the well separated hole and electron sheets not only provides an intuitive picture to understand a spin-density-wave type antiferromagnetism, but also present a framework for the discussion of spin-fluctuation mediated superconductivity [1, 2] . Our calculations thus suggest the tuning of the strength of this nesting condition by varying the sulphur concentration or applying pressures.
The existence of multiple T c domes has been revealed in several iron-based systems, notably the T c (p) in FeSe 1−x [28, 29] and the T c (x) in LaFeAsO 1−x H x [30, 31] . In these systems, the mechanism of superconductivity was unclear when the multi-dome T c was first reported [28, 30] . However, subsequent sensitive microscopic measurements detected the existence of antiferromagnetism bordering the superconducting phase [29, 31] , thereby allowing a unified treatment of superconductivity within the framework of spin fluctuation model. Our discovery of the multi-dome T c (p) in the TlNi 2 Se 2−x S x bears striking resemblance to the phase diagrams of FeSe 1−x and LaFeAsO 1−x H x . With the picture of the Fermi surface nesting from our electronic structure calculations, it is urgently needed to investigate the magnetism of this system under pressure and over a wide range sulphur concentrations.
The clearly different phase diagrams produced through tuning by pressure and chemical substitution in the TlNi 2 Se 2 system could be accounted for in a number of ways. It may be for instance that the inequivalence arises from the sensitivity of the superconducting state to disorder induced pair-breaking. The most likely pairing scenario for TlNi 2 Se 2 is a multi-gapped nodeless s± wave state, supported by recent thermal conductivity measurements [20] . In this state T c is expected to be rapidly suppressed with disorder [32] , a result of a breakdown of Anderson's theorem arising from interband scattering between sign-reversing Fermi surface sheets. The disorder introduced through isoelectronic substitution of S for Se could be felt in this manner. A second possibility is that there exists an as-yet-unknown structural or magnetic phase transition that occurs under high pressure. Our results motivate further work on the high pressure structural properties and magnetic properties of this family.
